Abstract. The roles of the different molecular domains of intermediate filament (IF) proteins in the assembly and higher order organization of IF structures have recently been studied by various groups but with partially controversial results . To examine the requirement of the aminoterminal (head) and the carboxyterminal (tail) domain of cytokeratins (CKs) for de novo IF formation in the living cell, we have constructed cDNAs coding for intact as well as head-and/or tailless human CKs 8 and 18 and the naturally tail-less human CK 19, all under the control of the human 0-actin promoter. After transient and stable transfections of mouse 3T3-L1 cells, which are devoid of any CKs, we have studied, with such constructs, the resulting gene products by gel electrophoresis and immunolocalization techniques. By light and electron microscopy we show that extended cytoplasmic IF meshworks are formed from pairs of the type H CK 8 with the type I CKs 18 NTERMEDIATE filaments (IFs)! are cell type-specific prominent protein polymer structures of most vertebrate cells (for example see references 16, 23, 69) , rep resented by a large multigene family. IF proteins form filamentous structures restricted to the cytoplasm, except for one subgroup, the lamins (A and B type), which accumulate in the cell nucleus and form the nuclear lamina, their specific topogenesis being controlled by a nuclear migration motif (for review see reference 54) . IF polypeptides display a common structural principle: a central a-helical rod domain of relatively well-conserved length (^310 amino acid residues in the case ofcytoplasmic IFs) is flanked by a head and a tail domain which can varybetween different IF proteins in length and in amino acid sequence. While the assembled rods form the typical protofilament backbone structure with a tetrameric (two coiled-coils) subunit, the head and tail domains are thought not to be part of the filamentous backbone but to protrude laterally and contribute to protofilament and IF packing, and to IF interaction with other cellular components (1, 7, 36, (69) (70) (71) .
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Among the IF proteins, the cytokeratins (CKs) represent Most surprisingly, however, we have observed spectacular alterations in the nucleocytoplasmic distribution of the IFs formed from tail-less CKs. In many of the transfected cells, a large part, or all, of the detectable CKs was found to occur in extensive IF bundles in the nucleoplasm . Intranuclear accumulations of CK deposits, however mostly nonfibrillar, were also observed when the cells had been transfected with cDNAs encoding tail-less CKs also lacking their head domains, whereas CKs deleted only in the head domain were found exclusively in the cytoplasm . The specific domain requirements for the assembly of cytoplasmic IF bundles are discussed and possible mechanisms of intranuclear accumulation of IFs are proposed .
the most complex subgroup ofIF proteins, comprising in the human genome at least 20 different epithelial (55, 56) and 10 trichocytíc (hair-type; reference 35) genes . CKs fall into two subclasses, type I and 11 polypeptides, which share only -30% amino acid sequence homology, concentrated in the rod portion (23) . In contrast to the other IF proteins which can assemble into homopolymeric IFs in vitro and in vivo, CK IFs are obligatory heteropolymers in that at least one polypeptide from either CK subclass is required to form stable subunits and IFs (cf . references 10, 11, 23, 32, 40, 45, 69, 76) . Studies, in vitro and in vivo, of the possible contributions of the head and/or tail domains to IF formation are considerably controversial . In such studies the requirements and contributions of the specific protein domains and sequence elements have been examined after removal of the head and/or tail domain by proteases or in deletion mutations . The mutated protein was then either produced in Escherichia coli, for in vitro studies, or was expressed in cells that had been transfected with an appropriate cDNA-derived construct or injected with mRNA obtained by transcription in vitro. In such experiments, most of the head domain appears important for IF formation . Specifically, several groups have concluded that most of the head domain has to be present for an assembly to homopolymeric IF structures (desmin : see references 26, 39, 62, 74; vimentin : see reference 72; glial fibrillary protein : see reference 61), whereas dimeric or tetrameric subunits can still be formed from such truncated proteins (for example see references 39, 61 (7) have noticed that the presence ofa synthetic nonapeptide representing a tail sequence during assembly in vitro results in IFs with a markedly looser protofilament packing, which these authors took as an indication of a contribution of tail sequences to higher order IF arrangement. The situation with CKs is especially complicated due to the fact that they can only form IFs as heteropolymers oftype I and II polypeptides . Here, the heterophilic interaction is clearly located in the rod, apparently at multiple sites, as CK molecules representing only the rod domain, or part of it, recognize polypeptides of the complementary subfamily with high avidity and specificity, and form stoichiometric type Ltype II oligomers but not IFs (8, 34, 52 ; for review see reference 69) .
The existence of a practically tail-less type I CK, i.e., CK 19, in naturally occurring IFs, together with one type II CK partner, shows that a tail domain is not categorically required (5, 6, 68) . Head-and/or tail-deletion mutants of CK 14 (type I) molecules can co-polymerize with endogenous type II CKs and integrate into a pre-existing IF fibril system, and these mutant molecules can also assemble with intact CK 5 into IFs in vitro (2, 3, 8) . However, conclusions from such observations as to tail functions are limited as the tail ofone subclass partner in the CK heterooligomer subunit may be sufficient . Therefore, Hatzfeld and Weber (33) have combined the tail-deleted CK 8 (type II) with the naturally tailless CK 19 in vitro and found assembly into normal-looking IFs . In contrast, Lu and Lane (51) have emphasized that in vivo, upon transfection of mouse NIH 3T3 cells lacking CKs with various deletion cDNAs, at least one intact CK polypeptide, i.e., one tail domain of either a type I or a type II CK in the heterotypic complex, is necessary for producing extensive IF meshworks. These authors have also reported that the combination oftail-clipped CK 8 (2/3 removed) with naturally tail-less CK 19 or with a tail-deletion mutant ofCK 18 interferes with the formation of CK fibril meshworks .
We have been studying over the past decade the structures formed by CKs introduced into various kinds of epithelial and nonepithelial cells by either RNA microinjection or DNA transfection, examining the integration into pre-existing CK IF bundles or filament formation de novo (for example see references 17, 43, 53) . Here we report our results of transfection experiments using intact as well as head-and/or tail-deleted cDNA constructs for CKs 8, 18 , and 19 in transient and stable transfectants . We show that the naturally tailless human CK 19 as well as a tail-less deletion mutant of CK 18 are able, in combination with a tail-less CK 8, to asThe Journal of Cell Biology, Volume 115, 1991 semble into extensive arrays of IFs. Unexpectedly, we have noted in such experiments that for the tail-less mutants the normal compartmentalization can be lost, resulting in an accumulation of these mutants in the nucleus where they form typical IF bundles .
Materials and Methods

Cloning of Complete and Tfuncated Cytokeratin cDNAs
In our study the following cDNAs were used . (a) Cloning of cDNA coding for the entire human CK 8 has been described (53) . (b) For the construction of a cDNA clone of the complete human CK 19, the Nar I/Kpn I fragment of 426 by of the subclone pH19/XS 5.5 containing most of exon 1, derived from the genomic phage clone XH 19/8 was ligated to the unique Kpn I site of the cDNA clone pcH19/6.1 (6) . (c) Clone pHK18-P-7 representing a cDNA of the complete human CK 18 was generated by complementing the cDNA of the plasmid pKH 18' (49) (i) The double-deletion of CK 18 (CK AH18AT) was generated by the combined use of amplimers P3 (see construct described under e) and P6 (see construct described under h) . (1) A head-deleted CK 19 (CK AH19) was produced from the cDNA clone described earlier (in b) in such a way that the resulting truncated polypeptide started at position 69 (6), i .e., with MLT ASDG, first by a deletion of the sequence upstream of the Kpn I-site at nucleotide position 736 by Hind III/Kpn I-double digestion, followed by resynthesis of the complete 5' untranslated region, up to the initiation codon, from an oligonucleotide fused in frame with a synthetic linker of four overlapping oligonucleotide pairs bridging nucleotides 592-736. PCR was carried out with 100 ng of linearized plasmid as template, 25 mM dNTP, 250 ng of each amplimer, standard PCR reaction buffer (50 mM KCI, 10 mM Tris-HCI, pH 8,1 .5 MM MgC12, 0.01% BSA), 2 .5 U AmpliTäq (Perkin-Elmer Cetus, Norwalk, CT) and cycle conditions as follows : denaturation at 92°C for 1 min, annealing at 56°C for 45 s, and synthesis at 72°C for 1 min for 30 cycles .
For cloning, DNA sequencing and in vitro transcription/translation studies the cDNAs were cloned into Bluescript and Bluescribe plasmids (Stratagene, La Jolla, CA) . The DNA sequences of the final products were determined as described (53) . The amino acid sequences of the 000H-termini of tail-less CKs 8 and 18 are described under CK 8AT and CK 18AT in Fig. 1 . RNAs synthesized by transcription in vitro were processed for in vitro translation, and the products were analyzed by gel electrophoresis as described by Leube et al . (50) . To generate CK "mini-genes", the various CK cDNAs were introduced into the mammalian expression plasmid "pHO APr-l-necr (31) .
RNAs were detected by Northern blotting as described (6) . (19) . Other symbols are as in c.
presence of 1 mg/ml G-418 (Gibco Laboratories, Karlsruhe, Germany) and later also without G-418 . In some experiments cells were exposed to 10-6 M colcemid for 14 h. For in vivo labeling, cells were grown from 4-15 h in the presence of 200 ACi of 13 SS]methionine (1, 200 Ci/mMol ; AmershamBuchler, Braunschweig, Germany) in medium of reduced methionine content (40) .
Preparation of cytoskeletal proteins as well as gel electrophoresis and polypeptide immunoblotting were as described (53) .
Immunofluorescence and Electron Microscopy
Broad-range CK antibodies as well as antibodies specific for individual CKs or for a subset of CKs were used . Broad-range murine monoclonal such as IFA and CK antibodies lu-5 and Ko 1-8.136 (20, 40, 41, 52) Basic procedures for light and electron microscopy have been described (6, 9) . In most immunolocalization experiments at the electron microscopic level, the normal procedure was modified as follows . Cultured cells grown on coverslips were fixed with 2 % formaldehyde in PBS (freshly made from paraformaldehyde) for 5 or 15 min, treated with 0.1% saponin in PBS for 15 min, or with 1 % Triton in PBS (preferentially in studies of nuclear structures) for 3 min . Cells were washed with PBS and incubated with CK-specific antibodies for 1 .5-2 .0 h .
Results
Synthesis ofIntact and Tail-less Human CKs In Vitro and in 373-LI Cells Ransfected with cDNA Constructs For transfection studies, cDNAs coding for intact and headand/or tail-truncated human CKs 8, 18, and 19 were inserted first into the bacterial plasmid Bluescript and then into the mammalian expression plasmid pHß APr-l-neo to generate CK mini-genes (Fig. 1) . To verify the nature of the encoded proteins we synthesized sense-RNA by transcription in vitro with T3 or T7 RNA polymerase from linearized CK cDNA Bluescript constructs and identified the corresponding products by in vitro translation, using [3 sS]methionine labeling and gel electrophoresis (Fig. 2, a and b) .
Mouse 3T3-L1 cells were used as host cells to study the domain requirements for de novo filament formation of human CKs 8, 18, and 19 because, in extensive examinations (18, 40, 41) , these cells have never been noted spontaneously to synthesize CKs ; endogenous CKs were neither induced nor stabilized after cDNA transfection with cDNAs encoding either type I or type II CKs (data not shown), in contrast to observations made with certain sublines of NIH 3T3 cells (28, 48 ; see also references 11, 45, 51) . In the present study, identical results were obtained with cells transiently transfected and with stably transfected and selected cell clones as well as after microinjection of mRNA synthesized in vitro from the same cDNA constructs (not shown) . "Negative cells; i.e., cells without any positive CK immunofluorescence, were not only seen upon transient transfections, but also in stably transfected cell clones, where they occurred at variable, sometimes high frequencies, probably reflecting the results of negative control mechanisms of an as yet unknown nature (for similarobservations see alsoreference 45) .
Untransfected 3T3-L1 cells and G-418-resistant 3T3-Ll cell clones stably transfected with one kind or combinations ofmini-genes coding for human CKs, were examined for the presence ofCKs by biochemical analyses ofcytoskeletal proteins (Fig. 2, c-f ) and by immunofluorescence microscopy (Figs. 3-7) . The CKs present in the different cell clones were biochemically identified either by metabolic labeling with [3 sS]methionine, followed by two-dimensional gel co-electrophoresis with the authentic cytoskeletal proteins, or by immunoblotting of electrophoretically separated proteins with different CK antibodies.
When IF proteins from untransfected radioactively labeled 3T3-L1 cells were examined by fluorography (Fig. 2 c) or immunoblotting using antibody IFA (not shown), the only IF protein detected was vimentin . In cells double transfected with the cDNA constructs coding for intact CKs 8 and 18 ( Fig. 2 d) or CKs 8 and 19 (Fig. 2 e) two additional spots were seen. Labeled CKs 8 and 18 (Fig. 2 d) or CKs 8 and 19 ( Fig. 2 e) comigrated with the authentic unlabeled human CKs 8, 18, and 19 ( Fig. 2, d and e) from MCF-7 cells (cf. 6, 53, 55) . The major of the two isoelectric variants of the transfected human CK 8 gene product comigrated with human CK 8 of MCF7 cells; the other migrated as a somewhat more basic protein (Fig. 2, d and e) .
To identify the truncated mutant CKs, we separated the [3 sS]methionine-labeled in vitro translation products of RNAs synthesized in vitro from the corresponding CK cDNA constructs by two-dimensional gel electrophoresis. For example, Fig . 2 b shows the in vitro translation product of the tail-less human CK 8AT. The gel electrophoretic analysis of ["S]methionine-labeled cytoskeletal proteins of 3T3-Ll cells doubly transfected with constructs coding for the tail-less CKs 8t,T and 19 is shown in Fig . 2f . here, the Fig . 3, a-d ) or human CKs 8 and 19 (Fig . 3, e-g) showed an extensive fibrillar meshwork throughout the cytoplasm, not dissimilar from typical CK fibril arrays present in several epithelial cell lines (14, 16) . During mitosis such filament arrays of transgenic CKs often changed in morphology and partly appeared in small granules, similar to those seen in diverse kinds of mitotic epithelial cells (Fig . 3 a, inset; 15, 46) . (cf. 2, 3, 12) but rather disperse cytoplasmic rods, whiskers, and fibrils intensely stained with CK antibodies . Double-label immunostaining with both CK-and vimentin-specific antibodies showed regions with locally different immunostaining but also far-reaching co-staining in other places (Fig. 3, c and d) , suggesting, but not proving, the existence of both kinds of IF proteins in the same IF bundle array. Immunoelectron microscopy (see below), however, showed that the CK and vimentin IFs could be distinguished even when they occurred in closely parallel arrays, similar to our demonstrations of parallel arrays of CK IFs with desmin and vimentin IFs in other cell types (for example see reference 6) .
Desmosomal plaque proteins were not detected in normal nor in transfected cells (data not shown) .
These observations also indicate thatthe naturally tail-less CK 19 (5, 6) is a competent type I CK partner for CK 8, as these two polypeptides together form extended IF arrays, and that 3T3-Ll cells allow the synthesis of CKs and the formation of CK IFs.
Immunofluorescence Microscopy of7lransfected 3T3-LI Cells Synthesizing Domain-deleted Human CKs
When genes encoding the genetically engineered tail-less CK SOT and the naturally tail-less CK 19 were co-expressed in 3T3-L1 cells, the resulting proteins formed massive arrays of IF bundles organized into extended cytoplasmic IF meshworks (Fig . 4, a and d) . Again, when the time course of CK filament formation was examined, the earliest detectable CKs appeared as short whiskers throughout the cytoplasm, without any indication of a vectorial assembly from a nuclear envelope-associated IF-organizing center (data not shown) .
Surprisingly, we consistently found that some of the cells synthesizing the tail-less CKs 8AT and 19 displayed spectacular fibrillar CK structures in the cell nucleus, either together with cytoplasmic CK IFs or exclusively nucleus confined (Fig . 4, b, c, e, and f) . Nuclear CK immunostaining mostly appeared as relatively thick and intense reaction of individual fibrils (e .g., Fig . 4, b and c, inset, and Fig . 5,  a and b) , some of which could be traced for 10-20 pm . Less frequently, it was resolved into linear arrays of granularlooking CK deposits ("beads-on-a-string" arrays ; Fig . 5, c  and d) .
Remarkably, most cell cultures were heterogeneous in this respect . Cells with nuclear CK fibrils occurred side-by-side with cells in which CK immunostaining occurred mostly or exclusively in the cytoplasm, and cells in which both nuclear and cytoplasmic CK fibrils co-existed were also seen (e .g., Fig . 4, b, c, e, and f) . The relative distribution of thesetransgene CK IFs in the nucleus and/or the cytoplasm was obviously not restricted to telophase or G1 cells as nuclear IFs were also noticed in cells arrested with colcemid (Fig. 5 , e and h) and in S-phase cells, as shown by colocalization with replication markers (not shown) . Reversely, normal cytoplasmic IF arrays were also seen in the cytoplasm of postmitotic daughter cells (Fig . 5, f and g ) .
At the light microscopic level, the intranuclear CK IFs did not appear to be regularly associated with other nuclear structures such as nucleoli (for example, Figs . 4, b and c, and 5, a and b), chromatin (Fig . 5 , i and k, shows direct corn-parison by double label with the DNA stain "Hoechst"), and the nuclear lamina, as demonstrable by double-labeling with lamin antibodies (data not shown) .
The frequency oftransfected cells with nuclear CK fibrils was variable for reasons not yet understood. For example, in stably transfectant clonal cultures at 25-35 passages after transfection and 2-3 clonal selections at minimal cell dilution and 4 d after cell plating, 40-55 % of the cells showed positive CK fluorescence (this value was usually -80% early after the first subcloning) . Of those cells appearing CK positive, -30% showed exclusively nuclear CK fibrils, -20% showed exclusively cytoplasmic fibril reaction, and half of the cells appeared positive in the cytoplasm as well as in the nucleus .
When the synthesis of a tail-deleted CK 8AT together with tail-deleted CK 18AT was enforced in 3T3-Ll cells, either in transient (Fig. 6 ) or stable and selected (not shown) transfectants, a corresponding heterogeneous result was obtained: extensive cytoplasmic CK immunostaining (Fig. 6  a) , the predominance of relatively short rod or whisker structures, often at the cell periphery (Fig. 6 b) , co-existence of cytoplasmic fibrillar aggregates with cytoplasmic dots and whiskers (Fig. 6 c) , or the appearance of nuclear CK structures, either in short fibrillar or in punctate arrays (for example Fig. 6 d) .
When different other deletion CK cDNA constructs were similarly used for transfection of 3T3-Ll cells, the specific gene products appeared in the cytoplasm in all the headdeletions examined, either in a more disperse, apparently nonfibrillar pattern (Fig. 7 a, CK OH8 plus CK 19; Fig . 7 , g and h, CK AH8 plus CK OH19 or CK OH18), in extended fibrils (Fig. 7 b , CK AH8 plus CK 18) in variously sized cytoplasmic granules (Fig. 7 c, CK OH8 plus CK 18; Fig. 7 , d-f CK 8 plus CK AH18), or in combinations of both (Fig.  7, c and d) . In contrast, we observed CK gene products exclusively or predominantly in the nucleus in all those examples in which neither of the type I and type II CKs possessed a tail domain (Fig. 7, i-r) . In these studies we noticed a great variety of forms of appearance of intranuclear CKs, from extended fibril-like masses (Fig. 7 i, CK 80T plus CK OH19) to globular aggregates (Fig. 7 l, CK 8AT plus CK AH18AT) and finely punctate arrays (e.g., Fig. 7 , m-r, CK OH8AT plus head-and tail-less type I CKs).
Electron Microscopy ofStructures Formed by Transgenic and Tail-less Cytokeratins in TMnsfected Cells
The CK-containing structures formed in the transfected murine 3T3-Ll cells were routinely examined by electron microscopy ofultrathin sections, including pre-embedding immunolabeling with secondary antibodies coupled to ti5-nm colloidal gold particles . As expected from immunofluorescence microscopy, CK antibody label was found specifically on a certain subtype of cytoplasmic IF bundles (Fig. 8 a; brackets point to an example of a relatively thin bundle) or on densely packed bundles of IFs located deep in the nuclear interior (Fig. 8, b and c, arrows) . Parallel experiments with vimentin antibodies showed gold labeling over a different kind of cytoplasmic IF bundles and were totally negative for the nucleus (not shown) .
Because of the unusual appearance ofCK fibrils in the nu- (Fig. 9 a shows a near-longitudinal section ofa long bundle) . The individual IFs (7-12 nm) within these bundles were resolved in sufficiently thin sections (Fig. 9, b-d) , and, for the most part, were practically indistinguishable from typical IFs nearby in thecytoplasm, with respect to diameter, surface appearance, and staining intensity (Fig. 9 b) , except for some individual IFs which locally displayed regularly spaced particles on their surfaces (Fig. 9 d, inset) . In a number of nuclei, the IF bundles were very abundant, running haphazardly through the nucleoplasm (Fig. 9 e) . Close associations of IF bundles with chromatin structures were occasionally noticed at higher magnifications, but their significance was not clear.
Discussion
When, after gene transfection or mRNA microinjection, molecules of a type I CK meet type H CKs in a nonepithelial cell that does not express its own CK genes, they form heterotypic complexes and assemble into IFs arranged in bundles and meshworks . This shows that the formation ofCK IF meshworks similar to those characteristic of epithelial cells does not require additional, epithelium-specific factors in agreement with previous injection and transfection experiments (28, 43, 45 ; see, however, reference 11) and with observations that CKs 8, 18, and 19 can be synthesized, spontaneously or after induction by some drugs or environmental factors, in certain nonepithelial cells during development and pathogenesis (6, 21, 40, 41) . The CK tail deletion studies described here are also in agreement with the general concept of a requirement of an intact rod domain for IF formation (2, 3, 8, 51, 73) . From our results we conclude that CK polypeptides lacking the tail domain in both partners of the heterotypic complex can form sufficiently high CK concentration provided normal-looking IFs which laterally associate into conspicuous bundles and form extensive fibrillar meshworks . This conclusion is based on observations ofthe de novo formation of IFs in cells of a nonepithelial line, mouse 3T3-Ll, upon transfections with gene constructs that encode human CKs lacking the tail domain either naturally (CK 19) or as the result of genetic manipulations (CK 80T and CK 18AT) . In these experiments, the heterotypic combination of taildeleted CK 8 (CK 8AT) with tail-deleted CK 18 (CK 18AT) has been successful in both protein stabilization (for discussion of heterotypic requirements, see references 11, 40, 41, 44, 45, 48, 51) and IF formation as is true with the naturally tail-less CK 19. (For the very short extension at the end of the rod, ranging from 1 amino acid in Xenopus laevis to 13 in the mammalian protein, see references 5, 6, 13, 68.) As we have controlled the resulting truncated proteins by gel electrophoresis and immunoblotting and as we have not noticed any murine CK to appear in the transfected cells, we are convinced that the cytoskeletal IFs visualized by CK antibodies contain the tail-less CKs.
Our results are in agreement with the recent in vitro filament reconstitution experiments of Hatzfeld and Weber (33) who have reported that purified, tail-truncated CK 8 can assemble, when combined with purified CK 19, into normal- looking IFs. However, they appear to be at variance with the conclusion of Lu and Lane (51) from gene infection experiments, using deletion mutants similar, but not identical to ours in a retroviral vector that "within a keratin pair one of the proteins must have both end domains" to produce extended IF meshworks . In their experiments, these authors have, however, also noticed that only "short kinked filamentous structures" are seen in NIH 3T3 cells infected with gene constructs encoding natural CK 19 and a mutant CK 8 from which the last two thirds of the tail domain had been deleted . Whether these short kinked fibrillar structures represent correct IFs, although not assembled into a higher order meshwork of fibrils, has not been examined by these authors (51) by electron microscopy (for a demonstration that even light microscopically "globular structures can be composed of IFs ; see reference 53) .
At present, we have no satisfactory explanation for these different results . They may be due to different levels of expression of one or both of the heterotypic CK partners, as we have repeatedly observed short CK IF whiskers in individual cells that were not (yet) integrated into a typical meshwork, and this was more frequently seen at early times after transfection . Similarly, numerous short IF structures spread over the cytoplasm have been noticed at early time nucleoplasm, leaving the nucleoli unstained (n, epifluorescence ; o, phase contrast) . (p-r) The combination of only rods" mutations, i .e ., head-and tail-less CKs 8 and 18, also results in a marked nuclear enrichment of structures formed from the defect CKs (p) which, at higher magnification (q presents a partial blow up of the left nucleus of p ; r shows a different cell) are resolved into complex arrays of CK-positive granules similar to those seen in m and n . Bars, 20 jm . points after microinjection of CK mRNA injection (43) Fig. 7 ). Clearly, this appearance of short IF structures formed de novo at multiple sites throughout the cytoplasm speaks against the requirement of a dominant juxtanuclear "IF organizing center" proposed by others (2, 12; see, however, also reference 58) .
Our conclusion that the tail domain of the CKs examined, e.g., CKs 8, 18 , and 19, is not required for the formation of IFs and IF bundles, cannot be generalized a priori to other IF proteins and to other kinds of cells . In extensive transfection experiments, using gene constructs with a myc motif as a "tag, Cleveland and colleagues (27, 77) have reported that molecules of neurofilament protein NF-L lacking about half of the tail domain could disturb the structural appearance of an IF meshwork of the vimentin :NF-L heteropolymers in -70% of the cells . In contrast, 80°6 ofthe cells showed normal IF meshworks when vimentin was allowed to mix with a transgenic neurofilament protein NF-M version from which almost the entire tail (down to a residual stump of nine amino acids) had been removed .
The observation that in 3T3-Ll cells forced to produce CKs without a tail domain, extensive bundles of CK filaments indistinguishable from cytoplasmic IFs often appear in the nucleus where they can be organized in extensive IF bundle arrays has been a surprise . In many cells, the nucleus was the only compartment in which CK IFs were detected, although these cells showed a normal cytoplasmic meshwork of vimentin IFs. In other cells, extensive CK IF bundles were seen in both compartments, the nucleoplasm and the cytoplasm . These observations and the finding that a third category of cells from the same clone displayed the normal cytoplasmic restriction of CK IFs, indicate that nuclear IF accumulation is not an obligatory consequence of the tail truncation . Rather, our observations suggest to us that taildeletion results, permissively, in a relaxation of the normal cytoplasmic restriction in many ofthe transfected cells, probably due to a release from restrictive interactions . The similarity of this nuclear IF appearance with the formation of intranuclear microfilament bundles upon treatment of cells with DMSO is apparent (cf. 24, 59, 64) .
These intranuclear IFs are not associated with the nuclear lamina, and in double-label experiments using antibodies to CKs and lamins we have not noticed any lamin co-localization with the intranuclear CK bundles (data not shown) . Therefore, we do not assume that the appearance of such masses of CK IFs within the nucleoplasm involves the formation, ifonly transient, ofCK:lamin copolymers . We have also not noticed a specific association of these nuclear CK IFs with any nuclear substructures, although occasional contacts with chromatin are suggested in some places (for in vitro binding ofIF proteins to single-stranded nucleic acids see reference 57) . Obviously, there is not an apparent interference of the intranuclear CK IFs with the proliferation and any ofthe important nuclear functions ofthe transfected 3T3-Ll cells.
We want to emphasize, however, that this appearance of IF bundles throughout the nucleoplasm is a specific result that, in such transfection experiments, is obviously related to the absence of tail domains in otherwise complete CKs . Moreover, the situation ofthe nuclear IFs shown here is fundamentally different from reports of diffuse CK 8-like immunoreactivity in the nuclear matrix (4), the CK 19 association with chromatin and/or nuclear lamina (75) . Punctate arrays of nuclear antigens reactive with a specific desmin antibody have been described by Kamei (38) . However, in none of these studies has an IF nature of the nuclear structures under question been demonstrated . While CKs that lacked not only tails but also head domains were also seen in the nuclear interior, they mostly appeared in different forms, predominantly globular or finely punctate; we are currently determining, by immunoelectron microscopy, these peculiar CK deposits but have so far not detected any typical IF structures. In our experiments, we have also never observed head-deleted CKs with intact tails in the nucleus . On the other hand, Albers and Fuchs (3) have reported, after transfection of a tag-coupled, head-truncated human CK14, dot-like CK structures at the nuclear surface or in the nuclear interior, but these authors did not determine the exact location and the ultrastructural form of these dots.
The appearance of an insoluble (cytoskeletal) protein polymer structure within the confinements of the nuclear envelope raises the question of the mechanism of its formation. Clearly, the CK molecules do not contain a nuclear accumulation signal characteristic of diverse kinds of nuclear proteins (for recent review see reference 66) . If one assumes that these intranuclear IFs are formed by local assembly of diffusible states of CK molecules that have distributed between nucleus and cytoplasm, one has to face the canonical dogma ofan upper size exclusion limit for nuclear uptake of a molecular weight of -60,000 which is clearly below the molecular size of coiled-coil CK dimers or tetramers ; i.e., the most probable states of existence of soluble IF proteins in the cytoplasm (e.g. 8, 19, 25, 67) . It remains to be examined whether the tail-truncated CKs described here indeed exist, and enter the nucleus, as oligomeric coiled-coil associations, or whether they pass the nuclear pore complexes as "piggy-back" complexes with certain nucleus-specific proteins.
Our observation of the appearance of IFs in the nucleo- plasm when CKs lacking tail domains are introduced into a cell normally devoid of CKs, also points to a possible structural function, albeit auxiliary, of the tail domain. As it is widely assumed that the tail domains ofIF proteins protrude from the filament backbone and interact with other cell components, the appearance of soluble tail-less CKs in the nucleus and their assembly into CK IFs might result from the lack of association with, and retention on, cytoplasmic "anchorage structures. Direct binding experiments are underway to test this possibility.
